Point and diffuse sources associated with historical metal ore mining are major causes of metal pollution. The understanding of metal behaviour and fate has been improved by the integration of water chemistry, metal availability and toxicity. Efforts have been devoted to the development of efficient methods of assessing and managing the risk posed by metals to aquatic life and meeting national water quality standards. This study focuses on the evaluation of current water quality and ecotoxicology techniques for the metal assessment of an upland limestone catchment located within a historical metal (lead ore) mining area in northern England. Within this catchment, metal toxicity occurs at circumneutral pH (6.2-7.5).
Introduction
Humans have impacted upland catchments for centuries through the process of mining.
Exposure of metal-bearing minerals to oxygen and water, both subsurface and through dumping of mine wastes above the surface, can result in increased dissolved concentrations of metals in water bodies. Once metals have entered aquatic ecosystems, they interact with a broad spectrum of biotic and abiotic components via dynamic interrelated processes, resulting in a large variety of compounds (Luoma and Rainbow, 2008) .
In natural waters, the behaviour of metals depends on their speciation. Such species include free ions, inorganic complexes, organic complexes, and metal sorbed to or incorporated within colloids or particulate matter. The formation of metal complexes depends on the concentration of all dissolved components, pH, and ionic strength (Namieśnik and Rabajczyk, 2010) . Free metal ions can bind to dissolved organic matter (DOM; particularly humic acids), forming complexes that regulate the concentrations of metals available for interaction with organisms (Tipping, 2002) . The complexity of these interactions in aquatic environments makes it difficult to measure the distribution of chemical forms. Knowledge of chemical speciation is important because the relative distribution of different forms controls metal interactions with organisms, including toxic effects. For instance, dissolved metals, particularly free metal ions, have been related to freshwater ecotoxicity (Campbell, 1995; De Schamphelaere and Janssen, 2002 ).
More recently, the concentration predicted to be bound to humic acid has been found to be a good proxy for both organism body burdens (Stockdale et al., 2010; He and Van Gestel, 2015) and accumulation by aquatic bryophytes (Tipping et al., 2008 ).
In the last few decades, a variety of in situ analytical approaches have been developed to understand the dynamics of metals in natural waters (Buffle and Horvai, 2000) . One such technique is Diffusive Gradients in Thin-films (DGT) for assessing a range of active species, depending upon their mobility (diffusion coefficients) and kinetics (dissociation rates) across a thin film of polyacrylamide gel (Zhang and Davison, 2015) . This technique has being used as a monitoring tool for providing kinetic information on labile metal species in rivers, soil or sediment impacted by mines and coastal waters (Unsworth et al., 2006; Warnken et al., 2009 ).
In addition, DGT has been applied to investigate potential metal availability in freshwater ecosystems, for instance the accumulation of cadmium in communities of algae (periphyton) has been evaluated by Bradac et al. (2009) .
In view of the importance of DOM in complexing metals, comprehensive speciation models have been developed for predicting the distribution of chemical species accounting for complexation with inorganic and organic ligands as well as competition for organic binding sites between different metals, and between metals and protons. The Non-Ideal Competitive Adsorption (NICA) coupled with a Donnan electrostatic sub-model uses a continuous distribution approach to describe metal and proton bindings to organic matter (Benedetti et al., 1995; Kalis et al., 2006) . A discrete site approach is used in the Humic Ion Binding Model VII . This is coupled with an inorganic thermodynamic code, the Windermere Humic Aqueous Model (WHAM) (Tipping, 1994) . The WHAM code has been successfully applied in a variety of research and regulatory areas related to water quality criteria for zinc Metal bioavailability and toxicity have long been recognized to be a function of water chemistry (Paquin et al., 2002) . Until recently environmental regulations considered only hardnessbased conditions to derive EQS (Beane et al., 2016). However, latest research has increased understanding of the influence of physicochemical variables in metal speciation, and ecotoxicological studies have extended our knowledge of metal effects on biota.
Consequently, bioavailability-based approaches such as the Biotic Ligand Models (BLMs) have been implemented within EQS for chemical and ecological assessment, to evaluate the overall quality of a given waterbody (Niyogi and Wood, 2004) . In the UK, the BLMs have been simplified to create a user-friendly method known as the Metal Bioavailability Assessment Tool Some of these tools have been incorporated into a tiered-approach monitoring scheme to implement the bioavailability-based water quality guidelines. However, they have limitations for assessing metal mixture effects since they are based on BLMs for specific metal-organism interactions, and they do not include all dissolved chemical species. To overcome this issue, an alternative bioavailability-based model (WHAM-FTOX) developed by Stockdale et al. (2010) offers a plausible option for quantifying mixture toxicity and its potential effects on aquatic organisms. WHAM-FTOX, in common with the BLM, uses organisms as reactants. However, WHAM-FTOX assumes that toxicity is related to non-specific binding to organism surfaces rather than specific biotic ligands (Stockdale et al., 2010) . Several studies have applied WHAM-FTOX for predicting metal toxicity to aquatic biota in laboratory experiments and linking the effects of chemical speciation of metals and protons to field species richness of freshwater macroinvertebrates (e.g. Ephemeroptera, Plecoptera and Trichoptera (SREPT)) and zooplankton species diversity (Tipping and Lofts, 2013; 2015; Stockdale et al., 2010; 2014; Qiu et al., 2015) .
Despite the scientific and regulatory improvements for the establishment of EQSs, achieving good ecological and chemical status of water bodies according to the Water Framework Directive (WDF) (European Commission, 2000) is still a significant challenge (Environment Agency, 2008a). In the UK, the major impediment to meet this aim is related to diffuse pollution, including metal contamination generated by abandoned mines and mined wastes (Jarvis and Younger, 2000) . At a national scale, comprehensive data exist for certain areas but there are substantial gaps for other regions, therefore the assessment of the extent and severity of metal pollution from mining activities is partial (Mayes et al., 2009 ). As a consequence, the prioritisation of threatened sites to address remediation of metal pollution in a logical and cost-effective manner is a difficult task. River Basin Management Plans This study aims to evaluate different approaches used to assess water quality. Focusing on an upland limestone catchment affected by historical mining, we compare hardness based EQS with approaches that consider more detailed water chemistry such as BLM based EQS and WHAM-FTOX. Data from a single biological survey were used to give context to the results from the chemical approaches. Additionally, we evaluate the ability of the DGT technique to yield dynamic dissolved concentrations that could be applied to EQS as the WFD allows for water quality criteria to be set based upon dynamic methods incorporating chemical speciation. This contribution complements a companion paper (Valencia-Avellan et al., 2017), which provided an assessment of the geochemical and hydrological processes controlling the main sources of metal pollution.
Methods

Site description
The study area is located within the Yorkshire Dales National Park, northern England ( Figure   1 ). Hebden Beck is a headwater catchment (12 km long) containing extensive historical lead and zinc mining operations, which flows through limestone bedrock surrounded by sheep pasture and peat-rich moorland (Jones et al., 2013) . Evidence of mining and smelting exists along the length of the river system, from mine tailings and slag to mine water drainage adits and abandoned buildings. A detailed description of the study area is provided in (ValenciaAvellan et al., 2017). 
Water sampling
Monthly field surveys were conducted from November 2013 to December 2014 at sixteen sampling sites. Sampling locations (Figure 1) In WHAM-FTOX, the metal toxicity function (FTOX) is considered a product of toxic cation-bound concentrations (,mmol/g) and the toxicity coefficient of each analyte () and i refers to each toxic cation (Eq. 3).
Concentrations of i were obtained from the WHAM/Model VII modelling as described above without active oxides and with the addition of 10 -6 g of colloidal humic acid. Toxicity coefficients for aluminium (Al: 2.24), zinc (Zn: 2.69), lead (Pb: 2.51) and hydrogen (H: 1) were adopted from Stockdale et al. (2010) . The Pb toxicity coefficient (with a published p-value of 0.91) was used in absence of an alternative published value. We suggest the application of Pb with caution as it may be conservative compared with other Pb toxicity coefficients reported for trout species (cutthroat trout, 6.7; rainbow trout, 4.6) (Tipping and Lofts, 2015) .
For these calculations, the following conditions were applied: i) if FTOX is lower than 2.33 (FTOX-LT) the maximum SREPT will be 23 and no toxicity occurs (Eq. 4), ii) a graded linear toxic response occurs as FTOX increases (Eq. 5), and iii) if FTOX is higher than 5.20 (FTOX-UT) no species are predicted to be present (Eq. 6). Obtained values were converted to a percentage of the maximum SREPT (90% percentile). A detailed description of these calculations is provided by Stockdale et al. (2010) .
Water quality assessment tools
Tools with different level of complexity were applied to a consistent set of water chemistry data to assess their contrasting levels of compliance with their respective standards. . Thirdly, the model WHAM-FTOX derived from WHAM/Model VII was applied to predict the effect of water chemistry on the maximum species richness (SREPT-max) as described above. were compared with metal concentrations and outcomes from water quality assessment tools. , 3.12 × 10 -7 mol/l, respectively) (Table S1 ). Full chemistry data are included in Tables S1-S3 . Considering the significantly higher concentrations of Zn and Pb, we focus primarily on these metals.
Biological survey
A
Results
General water chemistry for Hebden Beck has been reported in detail by
Associations between DIC/DOC, sulfate and metals were identified. DIC was strongly correlated with Ca and Mg (R 2 = 0.9), whilst DOC was more closely correlated with levels of Fe, Al, Pb and Cu (0.1 ≥ r ≤ 0.7). Sulfate correlated strongly with Zn and Cd (R 2 = 0.6, 0.7; p < 0.001), possibly associated with the dissolution of sulfide minerals (Table S4) .
Dynamic metal (CDGT) concentrations
From DGT measurements at each site, annual average Zn-CDGT concentrations ranged from 2.8 × 10 -5 to 4.8 × 10 -9 mol/l and for Pb-CDGT from 1.1 × 10 -7 to 1.1 × 10 -10 mol/l. Highest Zn-CDGT identified in perennial tributaries were H7: 2.8 × 10 -5 Zn mol/l and highest Pb-CDGT in ephemeral tributaries H13 and H12: 1.1 × 10 -7 Pb mol/l, while in main channel maximum concentrations were observed in H6: 7.5 × 10 -6 Zn mol/l and H10: 2.3 × 10 -8 Pb mol/l (Table   2 ). 
10
DGT measurements were compared with the mean of metal concentrations in water samples 11 calculated from samples taken at both the deployment and retrieval dates. 
Water quality and ecotoxicological assessment
Environmental Quality Standards: EQS-H and EQS-B
68
Annual averages concentrations were used for assessing EQS-H and EQS-B. The EQS-H 69 standards were exceeded for Zn from 0.2 to 254-fold and for Pb from 0.02 to 40-fold (Table  70 2). Highest Zn exceedances (> 60-fold) occurred in upstream sites surrounded by spoil mine 71 wastes (H15, H14 and H12). These sites and H13, also presented highest Pb exceedances 72 (> 20-fold). The EQS-B standards were exceeded for Zn from 0.8 to 209-fold and for Pb from 73 0.02 to 17-fold. Highest Zn exceedances (> 50-fold) appeared in sites H7 > H12 > H15 which 74 represent a mine adit, an ephemeral tributary flowing through spoil mine wastes and a 75 reservoir next to a smelting mill. For Pb, highest levels (> 6-fold) were present in H12 > H5, 76 H15 > H14 (Table 2) . 77 
Toxicity function: WHAM-FTOX
86
Toxicity contributions (FTOX-M) for each element (Zn, Pb, H and Al) were calculated from 87 Equation 3 (Methods Section 2.5.) and summed to produce a total toxicity function value 88 (Total_FTOX). Equations 4 and 6 were applied to convert Total_FTOX to a prediction of the 89 maximum species richness that could be expected based on the chemistry of each stream. 90
Effects of metal mixtures on predicted species richness are shown in Table 3 . Reduction of 91 predicted species richness (SREPT < 23) was identified at several sites. In the main river 92 channel (H10, H6 and H2 ) and perennial tributary (H11) a slight decrease was presented 93 (SREPT: 22 to 19) associated with the combined moderate toxicity of H, Zn and Al. A more 94 significant decrease (SREPT: 18 to 9) was shown in sites H15, H14, H13, H12, H9 and H7 due 95 to higher contributions from Zn, contributions of H and Al and additionally small contributions 96 from Pb; while the lowest value (SREPT: 8) occurred in site H4 related to the influence of H and 97
Al and not metals. 98 
Conclusions
312
The use of bioavailability-based standards is needed to fully assess the impacts of metal 313 pollution and implement regulatory actions for delivering good ecological status. 314  In carboniferous catchments, metal toxic effects occur at circumneutral pH. Zn is mainly 315 present as free ions and readily labile complexes while Pb is present as less labile forms 316 (e.g. organic complexes and colloids). 317  Metal assessment through the EQS-H approach is more conservative than EQS-B and 318 WHAM-FTOX. The incorporation of bioavailability will better address some of the processes 319 that control toxic metals effects. In addition, catchment management will be improved as 320 the bioavailability approach will aid in the identification of key reaches where remediation 321 may be required. 
